Exploration of new infrared (IR) nonlinear optical (NLO) materials is still in urgency owing to the indispensable roles in optoelectronic devices, resource exploration, and long-distance laser communication. The formidable challenge is to balance the contradiction between wide band gaps and large second harmonic generation (SHG) effects in IR NLO materials. In the present work, we proposed new kinds of NLO active units, d 0 transition metal fluorooxofunctional groups for designing mid-IR NLO materials. By studying a series of d 0 transition metal oxyfluorides (TMOFs), the influences of fluorooxo-functional groups with different d 0 configuration cations on the band gap and SHG responses were explored. The results reveal that the fluorooxo-functional groups with different d 0 configuration cations can enlarge band gaps in mid-IR NLO materials. The first-principles calculations demonstrate that the nine alkali/alkaline earth metals d 0 TMOFs exhibit wide band gaps (all the band gaps > 3.0 eV), large birefringence Δn (> 0.07), and two W/Mo TMOFs also exhibit large SHG responses. Moreover, by comparing with other fluorooxo-functional groups, it is found that introducing fluorine into building units is an effective way to enhance optical performance. These d 0 TMOFs with superior fluorooxo-functional groups represent a new exploration family of the mid-IR region, which sheds light on the design of mid-IR NLO materials possessing large band gap.
INTRODUCTION
Nonlinear optical (NLO) materials exert a crucial role in the pursuit of coherent light producing lasers which are extensively used in optical communication and industry [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . From the infared (IR) to ultraviolet (UV)/deep-UV (DUV) region, some typical materials are employed, such as KBe 2 BO 3 F 2 [11] , β-BaB 2 O 4 [12] , LiB 3 O 5 [13] , KH 2 PO 4 [14] , KTiOPO 4 [15] , AgGaQ 2 (Q = S, Se) [16] and ZnGeP 2 [17] . However, commercially available IR NLO materials AgGaS 2 and ZnGeP 2 hardly satisfy the demands of practical applications owing to low laser damage threshold (LDT) or two-photon absorption [18] . In this regard, it is still imperative to search alternative mid-IR NLO materials with wide band gap and strong second harmonic generation (SHG) effects.
In order to achieve NLO compounds with noncentrosymmetric structures, various advantageous functional building units are involved to generate large SHG intensities [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , which include (i) planar triangle anionic groups with conjugated π configurations such as (BO 3 ) 3- ) with second-order Jahn-Teller (SOJT) distortions. These units or their derivatives can be incorporated to explore new NLO materials in UV/DUV or IR regions.
Meanwhile, the exploration of new mid-IR NLO materials with targeted properties remains urgent. The main challenge is how to balance the contradiction between wide band gaps (E g ≥ 3.0 eV) and large NLO susceptibilities (d ij ≥ 10 × KH 2 PO 4 (KDP, d 36 = 0.39 pm/V)) in mid-IR materials. In order to ease this contradiction, metal chalcogenides [21, [29] [30] [31] [32] [33] , metal halides [34] [35] [36] , metal oxides [37] and metal oxyhalides [38, 39] have been explored systematically by computational or experimental methodology [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Introduction of fluorine with large electronegativity into NLO materials is an excellent route for ensuring wide band gap. Very recently, it has been proven that introducing fluorine into borates (fundamental building block (FBB): BO 3 , BO 4 ), phosphates (FBB: PO 4 ), silicates (FBB: SiO 4 , SiO 6 ) to form fluorooxofunctional groups is one of the effective ways to enhance the band gap and SHG response [41] [42] [43] [44] . Compared with the BO 4 /PO 4 /SiO 6 FBBs, the fluorooxo-functional groups
[SiOF]) exhibit large first order hyperpolarizability, which are conducive to enlarging the SHG performances of crystals [41] [42] [43] [44] . Under this strategy, a series of outstanding UV fluorooxoborates were discovered, such as the NH 4 B 4 O 6 F family [28, 45] and other fluorooxoborates [46, 47] . On the other hand, d 0 TM cations with SOJT distortions can lead to strong SHG responses [48, 49] . In that case, d 0 TM, oxygen and fluorine are introduced to form polyhedra in a crystal which exhibits geometrical distortion due to different interactions between d 0 TM-(O and F) (e.g., MoO 3 F 3 , NbOF 5 ) bonds [50] [51] [52] [53] . According to Pauling's second crystal rule, partial substitution of fluorine for oxygen can produce complicated crystal structures [54, 55] . Considering the superiority of fluorine element in enlarging band gap and d 0 TM ability of SOJT effects in producing strong SHG intensities in NLO materials, we proposed a feasible strategy to introduce d 0 TM fluorooxo-functional groups to explore mid-IR materials.
To explore the groups that are beneficial to exploring mid-IR materials, in this work we focus on the d 0 tran- 
THEORETICAL CALCULATIONS
First-principles calculations were performed by the planewave pseudo-potential method implemented in the CA-STEP package [56] . Band structures and optical properties were calculated via the generalized gradient approximation (GGA) in the scheme of Perdew-Burke-Ernzerhof [57] . Norm-conserving pseudopotentials [58] were employed for each atomic species with the following valence configurations: Li 2s 1 , Na 2s , respectively. A plane-wave cut-off energy more than 940 eV was set throughout the calculations. To achieve a good convergence of electronic structures and optical properties, the dense K-points sampling of less than 0.025 Å −1 for the nine target compounds were adopted.
The other calculated parameters used and convergent criteria were in line with the default values of the CASTEP code. Our tests reveal that the mentioned above computational parameters are sufficiently accurate for the present calculations. At a zero frequency, the formula of second-order NLO coefficients can be described as [59] [60] [61] [62] :
where, here, α, β, γ are Cartesian components, v and vʹ denote valence bands, c and cʹ denote conduction bands, and P (αβγ) denotes full permutation. The band energy difference and momentum matrix elements are denoted as ℏω ij and P α ij , respectively.
RESULTS AND DISCUSSION
Crystal structure and electronic structure As mentioned above, there are 39 noncentrosymmetric d 0 TMOFs in the ICSD, and their crystal system distribution is shown in Fig. 1a . The 39 compounds crystallize in monoclinic (9 compounds, account for 23.0%), orthorhombic (19, 49.0%), trigonal (2, 5.0%), tetragonal (7, 18 .0%), hexagonal (1, 2.5%) and cubic (1, 2.5%) crystal systems, respectively. Accordingly, the orthogonal crystal system is one of the most favorable systems. Generally, the band gap is enlarged due to the absence of d-d or f-f electron transitions in alkali/alkaline earth metals. Therefore, we focused on nine ATMOFs, with the proportion of 23.1% in the d 0 TMOFs as shown in Fig. 1b [70] . Since the nine compounds possess different fluorooxofunctional groups, according to the connection types of their fluorooxo-functional groups, they can be divided into three types as shown in Table 1 Fig. 2a -c and all structures of the nine compounds are given in Fig. S1 .
In general, a large band gap commonly corresponds to a high LDT for a crystal. Band gaps of the nine compounds are investigated by the gradient-corrected functional (GGA) and HSE06 hybrid functional. As shown in Fig. S2 and Table S2 , results via HSE06 calculations can give more accurate prediction close to experimental band gaps. For the three compounds in type I, their computational band gaps adopted by HSE06 hybrid functional are 6.57, 4.23 and 5.65 eV for Na 3 Fig. S3 , and the GGA computational values are smaller than HSE06 gaps. The HSE06 gaps results demonstrate that the nine crystals can be considered as viable for application in IR region in terms of high LDT.
To clarify the electronic states which are related to optical properties, we plotted density/partial density of (Table S3 ).
Optical properties of ATMOFs
As an outstanding IR NLO material, it should exhibit a high LDT (commonly large band gap, namely E g ≥ 3.0 eV) and large SHG responses (d ij ≥ 10 × KDP) [21, 29, [31] [32] [33] [34] . The HSE06 band gaps of the nine crystals are larger than 3.0 eV, and such results reveal that they possess high LDT (Fig. 2d ). Besides, their NLO coefficients were estimated by the first-principles calculations as shown in Table 2 and Fig. 2e . According to Fig. 2e Table 2 ). The birefringence is related to the anisotropy of the constituent elements [71] [72] [73] . Usually, contributions Fig. 3 and Table S4 . According to Fig. 3 Na 3 NbOF 6 , K 3 Ti(O 2 ) 2 F 3 , KNaNbOF 5 , NaVO 2 F 2 , K 2 TiOF 4 , Ba 2 TiOF 6 and Li 2 Ta 2 O 3 F 6 exhibit small SHG responses which are smaller than or comparable to 1 × KDP. By analyzing their structures, it is found that the arrangements of corresponding NLO active FBBs are opposite ( Fig. S1a-S1f , S1i). While in Ba 2 MoO 3 F 4 and Ba 2 WO 3 F 4 , the fluorooxo-functional groups MoO 3 F 4 and WO 3 F 4 arrange along the same direction as shown in Fig. S1g and S1h, which gives rise to strong SHG response about 10 × KDP.
In order to verify whether ATMOFs reach mid-IR region, we calculated the vibrational frequencies of the fluorooxo-functional groups [TMOF] and the outstanding mid-IR FBBs (e.g., BS 3 , BS 4 , MS 4 (M = Al, Ga, Si, Ge, P)). Fig. 4 provides the largest vibrational frequencies and IR absorption edges of the fluorooxo-functional groups [TMOF], BS 3 , BS 4 , MS 4 (M = Al, Ga, Si, Ge, P). As a result, the IR absorption edges of the seven fluorooxofunctional groups [TMOF] including MoO 3 F 3 , TiO 4 F 3 , TiOF 4 , TiOF 6 , MoO 3 F 4 , WO 3 F 4 and Ta 2 O 3 F 6 approach 10 μm which covers two atmospheric windows (3-5 and 8-10 μm). However, the IR absorption edges of the fluorooxo-functional groups NbOF 6 , NbOF 5 and VO 2 F 2 are wider than 8 μm but shorter than 10 μm (Table S5) . Compared with the famous crystals IR spectra (BaB 2 S 4 , AgGaS 2 , LiGaS 2 and BaGa 4 S 7 ) (Table S5 and Fig. S6 ), the IR absorption edges of the most fluorooxo-functional groups [TMOF] exhibit comparable superiority in the IR atmospheric windows. Besides, oxide-based crystals could be excellent candidates as they can be grown in an open system [38] . All above results indicate that the d 0 TMOFs could be able to act as a promising mid-IR material for producing coherent light in the mid-IR region. (Fig. S7) . However, the computational phonon spectra of Na 3 TMO 3 X 3 (TM = Mo, W; X = Br, I) ( Fig. S8a-S8d) show that there is imaginary phonon in the Brillouin zone, which means that they are kinetically instable, such as Sr 2 Be 2 B 2 O 7 (Fig. S8e ).
Here we calculated band gaps and optical performances of Na 3 MoO 3 Cl 3 , Na 3 WO 3 F 3 and Na 3 WO 3 Cl 3 since they are dynamically stable, as shown in Table S6 . HSE06 hybrid functional can accurately estimate band gaps [76] . And the band gap values decrease as the ionic radius of the halide elements increase from F to Cl. The band gaps of Na 3 TMO 3 X 3 (TM = Mo, W; X = F, Cl) are still close to 3.0 eV or larger than 3.0 eV, which means that they are possible to have large LDT [36] . Since the distorted TMO 3 X 3 (TM = Mo, W; X = F, Cl) octahedra show strong anisotropy, they possess large birefringence (all the birefringence Δn > 0.1). Their band gaps, birefringence Δn and density/partial density of states are given in Fig. S9 . Among the seven structures, Na 3 WO 3 F 3 is kinetically stable and exhibits good performance, which further proves that the fluorooxo-functional groups [TMOF] are an excellent group for designing mid-IR NLO materials. The fluorooxo-functional groups [TMOF] can be used as the NLO active units for exploring mid-IR NLO materials. Furthermore, we also designed a hypothetical structure Na 3 WO 3 F 3 . Its calculated result further demonstrates that the fluorooxo-functional groups [TMOF] are excellent units for exploring mid-IR NLO materials. Therefore, the d 0 TMOFs can be as a potential exploration system for mid-IR NLO crystals. 
CONCLUSIONS

